Hypoxia-inducible factor (HIF) is a sequence-specific DNA-binding protein that can promote or repress the transcription of a broad range of genes that are involved in maintaining biological homeostasis. HIF is mostly non-functional in oxygenated cells but becomes active under specific conditions, including lowoxygen (hypoxic) stress. HIF is a heterodimeric complex that is composed of an oxygen-destructible α-subunit and an oxygen-indestructible β-subunit. Three isoforms of the α-subunit and two isoforms of the β-subunit are thought to be involved in the in vivo response to hypoxia.
HIF transcriptional activity requires inhibition of the post-transcriptional hydroxylation of the α-subunit, which targets HIF for proteasomal degradation and thereby causes its inactivation. In addition to hypoxic stress, several other conditions activate HIF transcriptional activity, including autocrine stimulation by growth factors, the loss of tumoursuppressor function and the gain of oncogene function. Overall, the genes targeted by HIF help cells to adapt to, and thereby survive in, a stressful microenvironment. Adaptation can be beneficial to human physiology in the context of foetal development and in many pathophysiological conditions, such as ischaemic disorders, but can be detrimental in the context of tumourigenesis. In this article and its accompanying poster, we briefly cover the major structural and functional characteristics of HIF and its involvement in conditions of normal physiology and in disease.
Normoxic degradation and inactivation of HIFα through posttranslational modification
The activities of three well-described HIFα isoforms (HIF1α, HIF2α and HIF3α) are regulated in a similar manner by posttranslational prolyl hydroxylation of the oxygen-dependent degradation domain (ODDD) (Schofield and Ratcliffe, 2004) . Prolyl hydroxylation targets the proteins for proteasomal degradation by promoting their interaction with von Hippel-Lindau (VHL), a component of an E3 multiprotein ubiquitin-ligase complex known as VHL/elongin B/elongin C (VBC). VBC covalently links a chain of ubiquitin (Ub) moities to HIFα and causes it to dock onto the multisubunit proteolytic proteasomal complex, which selectively degrades ubiquitin-conjugated proteins (Kaelin and Ratcliffe, 2008) . Additional hydroxylation of an asparaginyl moiety at the end of the C-terminus of the HIF1α and HIF2α subunits abrogates HIF activation by inhibiting the binding of coactivators such as p300 and its paralogue CREB-binding protein (CBP), which also act as histone acetyltransferases. These hydroxylation events are catalysed, respectively, by prolyl hydroxylase domain proteins (PHDs), of which there are three major isoforms (Schofield and Ratcliffe, 2004) , and factor inhibiting HIF (FIH) (Peet and Linke, 2006 1055 Cell Science at a Glance HIF at a Glance M. Christiane Brahimi-Horn and Jacques Pouysségur rapamycin; NF-κB, nuclear factor-κB; NHE1, Na+/H+ exchanger 1; NLS, nuclear localisation signal; NO, nitric oxide; ODDD, oxygen-dependent degradation domain; 2-OG, 2-oxoglutarate; OS-9, osteosarcoma 9; PAS, PER-ARNT-SIM domain; PHD, prolyl hydroxylase domain protein; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homologue deleted on chromosome ten; ROS, reactive oxygen species; TAD, transcriptional activation domain; Ub, ubiquitin; VBC, VHL/elongin B/elongin C; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau.
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Hypoxic stabilisation of HIFα and nuclear translocation
Under hypoxic conditions, PHDs and FIH are inactive because of the lack of sufficient oxygen. Both of these enzymes use oxygen and 2-OG as substrates in the hydroxylation reaction; however, they are very different with respect to the concentration of oxygen required for their activity. In vitro, PHD has a Michaelis constant (K m ) for oxygen that is three times greater than that of FIH (Koivunen et al., 2004) . Thus, as the oxygen concentration decreases, PHDs become inactive and the HIFα protein is consequently stabilised. Because HIFα has a nuclear localisation signal (NLS) in its C-terminal region, when stable it can rapidly bind to nuclear pore proteins and translocate into the nucleus (Kallio et al., 1998) . However, HIFα may remain at least partially inactive until a further decrease in the oxygen concentration occurs, which inactivates FIH and fully activates HIF transcriptional activity.
Dimerisation of HIFα and HIFβ and DNA binding
Once in the nucleus, the HIFα and HIFβ subunits interact with one another and bind to specific DNA sequences (Brahimi-Horn and Pouysségur, 2005) . Dimerisation between the HIFα and HIFβ subunits occurs through the basic helix-loop-helix (bHLH) and PER-ARNT-SIM (PAS) A and B domains located in the N-terminal region of each subunit, whereas DNA binding occurs through the bHLH domains. The specific DNA sequences that are targeted by HIF, known as hypoxia-response elements (HREs), are composed of 5Ј-RCGTG-3Ј (where R is either an A or G) and are mostly found in the promoter, intron and/or enhancer regions of target genes (Pugh et al., 1991; Semenza et al., 1991; Wenger et al., 2005) .
Induction of HIF target-gene expression and functional consequences
The transcriptional activity of the heterodimer is controlled by transcriptional-activation domains (TADs) found in the C-terminus; HIF1α and HIF2α subunits each have two TADs, known as the N-TAD and C-TAD. The activity of the C-TAD can be inhibited by FIH hydroxylation, but the activity of the N-TAD is independent of FIH. Thus, HIFα has bifunctional transcriptional activity, which, depending on the activity of FIH, allows for differential gene activation that is either N-or C-TAD controlled or N-and C-TAD controlled . In addition, although the HIF1α and HIF2α isoforms have distinct target-gene preferences, substantial overlap in their preference for a target gene indicates that these two isoforms might act cooperatively (Gordan and Simon, 2007; Ratcliffe, 2007) . In this respect, and in general, little is known about the less well-characterised HIF3α isoform, which can act as a dominant-negative of HIF transcriptional activity (Makino et al., 2001 ).
The expression of more than 60 welldefined gene products is increased by HIF (Semenza, 2003) . One of the best characterised is the gene that encodes vascular endothelial growth factor A (VEGF-A), which induces vascular endothelial tip cells to migrate to hypoxic areas and promotes blood vessel growth. This phenomenon is known as angiogenesis, which is an adaptive response that attempts to compensate for the low oxygen level in tissues (Ferrara et al., 2003) . Other HIF-induced genes are involved in metabolism, vasodilation, erythropoiesis, pH homeostasis, oxygen sensing and autophagy, among others (Semenza, 2003) . In addition, the expression of a broad range of gene products can be repressed by HIF (Manalo et al., 2005) .
Interpathway signalling and HIF function
Although hypoxia is considered to be the main stimulus that drives HIF function, a number of non-hypoxic effectors and signalling pathways can influence HIF function, directly or indirectly, at different stages of its activation. Notably, many of the effectors and intermediates of these HIF-inducing pathways are themselves HIF target-gene products. Effectors that have been implicated in stimulating or suppressing an immune response (such as lipopolysaccharide and cytokines) and that activate the nuclear factor-κB (NF-κB) signalling pathway promote HIF1α transcription (Gorlach and Bonello, 2008; Rius et al., 2008; van Uden et al., 2008) , whereas stimulation with autocrine growth factors [including epithelial growth factor (EGF), fibroblast growth factor 2 (FGF2) and insulin-like growth factor (IGF)] enhance translation of the HIF1α protein (Semenza, 2003) . The loss of function of tumour suppressors (such as ING4, p53, PTEN and VHL) and the gain of function of oncogenes (such as those encoding AKT, MYC, mTOR, PI3K, RAF, RAS, SCR) also regulate different steps that lead to HIF activation (Dang et al., 2008; Semenza, 2003) .
HIF in physiology and pathophysiology
As hypoxia can occur in both physiological and pathophysiological conditions, HIF plays a key role in both instances. Foetal development is highly dependent on establishing an efficient haematopoietic and vascular system, both of which are controlled by HIF target-gene products such as erythropoietin (Semenza, 2003) , VEGF (Simon and Keith, 2008) and angiopoietin 2 (Ang2) . In addition, cell proliferation and differentiation, which constitute a major part of organismal structuring, require adequate nutrient availability and appropriate metabolic processes (Sainson and Harris, 2006) . HIF fulfils this requirement by regulating the expression of proteins that control cellular glucose uptake and metabolism, and that influence the mammalian target of rapamycin (mTOR) pathway, which responds to the nutritional status by regulating protein synthesis .
Hypoxia is also a characteristic of several disease states in which there is an inadequate supply of oxygen owing to a defective or inadequate vasculature; this occurs particularly in ischemic disorders of the heart and brain and in cancer (Loor and Schumacker, 2008) . Massive proliferation of cells in a solid tumour creates distance between tumour cells and the blood vessels that carry oxygen and nutrients, thereby leading to a hypoxic microenvironment that activates HIF (Brahimi-Horn et al., 2007) . HIF, in turn, initiates several adaptive survival processes that maintain metabolic equilibrium, pH homeostasis ) and autophagy (Bellot et al., 2009) , thereby reinforcing tumour growth and promoting metastasis (Erler et al., 2006) .
Conclusion
The transcription factor HIF has a central role in oxygen sensing and is therefore vital for survival of the organism. The molecular blockade of HIF activity involves a cascade of enzyme-mediated events, including prolyl hydroxylation, asparaginyl hydroxylation and ubiquitylation, which modify the α-subunit at the post-translational level when sufficient oxygen is available. When oxygen concentrations are low, these enzyme-mediated events are inhibited and active HIF can induce gene transcription that might or might not be beneficial to an organism, depending on the pathophysiological context. The development of pharmacological approaches that activate or inhibit HIF or its target-gene products may provide therapeutic benefit in ischaemic disorders or cancer, respectively (Melillo, 2007) .
